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CHAPTERI
INTRODUCTION

This is the Final Report on the "Emitter Crystal Structure Study" under
JPL Contract No. 950228 which is sponsored by NASA. The objective of the
study was t§ develop a better understanding of the relationship among emitter
crystal structure, emitter preparation, and emitter performance in order to de-

termine methods for obtaining higher-performance thermionic converters.

Three areas of effort have been pursued to achieve the program objective.

These are:
1. Metallurgical preparation and analysis of emitters;

2. Work function examinations of the same emitters in scanning-type devices
where the cesium covered work function maps may be obtained under a

wide range of equilibrium conditions;

3. Operation of the previously studied emitters in thermionic converter test

vehicles.

In order to perform the work function.mapping, two scanning devices were
developed. Each required a proof-of-princi}ﬂe iteration before the actual test
device was designed and fabricated. The proof-of-principle devices for both the
thermionic and photoelectric scanners were successful, and two actual test de-
vices were then completed and used extensively. Metallurgical techniques for
preparation of a number of different emitter surfaces were developed, and a

variety of surfaces were tested both in scanners and in thermionic converters.

The results, which are described in this report, have provided important

insight into the emission physics of cesium converters and have provided a
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wealth of data for the development of correlations. They have also confirmed
earlier analytical predictions and broadened the base which is required for im-

provements in converter performance for future hardware application.
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CHAPTER II
SUMMARY AND CONCLUSIONS

This program was primarily concerned with the relationship between the o
performance of a thermionic emitter and its metallurgical state. The first step
in relating the two is the determination of the work function of emitter surfaces
on a point-by-point basis. To accomplish this, two very highly specialized de-
vices were developed. Each of these devices is capable of measuring the work
function of a cesium-covered refractory surface on a point-by-point basis while

the surface is in equilibrium with cesium vapor, and is capable of performing

these measurements over a considerable span of surface temperature.

The first device is based on photoelectric emission and consists of a
mechanism which scans a light beam over the emitter surface in TV fashion.
The photoelectrons emitted from the surface by this light are then collected,
and the resulting current is related to the work function of the surface. Several
emitter surfaces have been examined in two versions of this device, and the
method has proved to be useful in determining work function distributions. It is
limited, however, to relatively low surface temperatures . temperatures at
which the thermionic emission is low and does not mask the photoelectric emis-
sion. It is particularly useful for studying the history of a given surface as its
temperature is raised from room temperature to thermionic emitter tempera-
ture. Relative work function measurements can readily be performed by this
method, but absolute work function values are quite difficult to obtain without
the use of monochromatic light. The scope and time of this program did not al-

low the development of such a light source.

The second device developed under this program employs thermionic emis-

sion which is then collimated and scanned over an aperture. This, again,
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_produces a TV type of work function picture. This method proved very satis-
factory for absolute measurement of work function. Single-crystal and poly-
crystalline emitters were examined in this device, and the results were cor-

related with converter test data.

A second phase of this program consisted of the preparation of emitter sur-
faces by several techniques, all of which were aimed primarily at generating a
surface which is highly stable at emitter temperatures. The most significant
conclusion of this phase of the work is the fact that, from the standpoint of
emission capability, the preparation of a given surface can be far more im-
portant than the material itself or the bulk orientation underlying the surface.
This was shown by the fact that the performance of the specially prepared
polycrystalline tungsten emitter in a converter, as well as in work function
measurements in the thermionic scanner, was practically identical to the per-
formance of the single-crystal (110) emitter to which it was compared, and
that these results were superior to those obtained using polycrystalline tungsten

emitters in earlier programs.

The third phase of the program consisted of experiments performed in con-
verters, and this work furnished the ultimate confirmation of the results ob-
tained by scanning comparisons of specimens with different metallurgical prepa-
ration. Two converters were used primarily for performance testing. One of
these employed a polycrystalline tungsten emitter which had been stabilized
thermally, and the other used a single-crystal (110) tungsten emitter also
thermally stabilized. The performance of both these emitters was quite similar,

and subsequent emitter work function measurements showed that the average

work function of these two surfaces was very similar. This performance level

was substantially higher than the performance level of a polycrystalline emitter
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tested under another program which had not been subjected to this thermal
stabilization technique. The results of the program can be summarized in the
form shown in Figure II-1, which is a plot of work function versus the ratio of
emitter surface temperature to cesium reservoir temperature. The solid lines
shown are theoretical lines for the bare work function values indicated. The
converter experimental results are designated by open circles for the (110)
emitter and by open triangles for the polycrystalline emitter, and these points
are seen to correlate very well with the 4. 62 value of bare work function.
There is some degree of deviation at the high end of the plot, probably due to
experimental error. The values of work function observed in the scanners for

the (110) plane are also correlated with this same bare work function line.

In addition, two sets of points showing the results of work function meas-
urements on the (111) surface are also shown. The solid triangles give the
work function of points from the general background of this surface, and they
correspond to the lowest bare work function values observed during the pro-
gram. The solid squares give the work function of bright spots (high emission)
on the same (111) surface, and they correlate along the same line as the (110)
surface. Thus, the span of work function values actually measured extends
from about 4.2 up to 4. 62 in bare work function values, which is in good
agreement with the previous measurements on the various faces of single-

crystal tungsten.
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CHAPTER III
PHOTOELECTRIC SCANNER

A. PRINCIPLE OF OPERATION

The photoelectric scanning device is an instrument which can be used to
make detailed work function maps of a metal surface in equilibrium with cesium
vapor. It can be used over a range of surface temperatures. The device maps
the work function of a surface by scanning it with a light spot and measuring the
resulting photocurrent. The light spot contains a wide range of frequencies,
varying from the infrared to the ultraviolet. Appreciable photocurrent is ob-
tained from a surface having a work function ¢ only when the frequency of the
incident light exceeds the threshold frequency

v, = 2 (1)
where e is the electronic charge and h is Planck's constant. Therefore, when
the light spot is swept over a surface, the resulting photocurrent is modulated

by the variations in work function on the surface.

In the present device, the position of the light spot is synchronized with
that of an oscilloscope beam spot whose intensity is modulated by the photocur-
rent. The pattern resulting on the oscilloscope, as the light spot scans the
emitter surface, corresponds to a "picture" of the emitter surface, with bright
spots corresponding to low work function and dark spots to high work function
areas. The instrument is also capable of measuring the surface work function
directly by fixing the light spot on a selected portion of the emitter and meas-

uring the work function by standard photoelectric techniques.

I11-1
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The photoelectric scanning device consists of the following four subsystems:

1. Optical system

2. Electronic scanning system

3. Photocurrent detection and amplification system
4

Test cell and emitter assembly.

A block diagram of the entire device is shown in Figures III-la and III-1b.

B. OPTICAL SYSTEM

The optical system consists of the following components shown in Figure III-la:

Arc source
Chopper

Variable aperture
Focusing lens

Deflecting mirrors.

These components were designed for flexibility to afford a field of investigation

as unrestricted as possible. Certain compromises were nevertheless unavoidable,
the basic compromise being the choice of a mirror deflection system limited in
frequency to a few hundred cycles per second. One alternative to this choice
would be a moving spot source such as a projection kinescope. Although several
advantages in instrumentation would be gained by the use of a kinescope, such a

source would have an intensity 104 less than high-pressure gas arcs. This

limitation of the kinescope source was judged as too severe because of the con-

sequent reduction of photocurrent.

The particular advantage of a mirror deflection system is the wide variety of

light sources which can be used, with mercury, xenon, carbon, and zirconium

I1I-2
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arc lamps being readily available. These lamps provide a wide range of spectra
which vary from the ultraviolet to the infrared. For light of all these wavelengths
to pass through the optical system efficiently, all mirrors were coated with mag-
nesium fluoride films which have good reflectivity well into the ultraviolet region.
Sapphire lenses were used in the system because they have good transmissivity
over the entire range of arc radiation. The spéctra of mercury, xenon and zir-
conium as functions of wavelength are shown in Figures III-2, III-3, and III-4,
respectively. Figure III-5 relates wavelength to photon energy in electron volts.
This figure illustrates the range of surface work function which each arc can in-

vestigate.

A lamp power supply has been constructed which is capable of running either
the PEK-109 mercury arc or the PEKX-75 xenon arc. It was designed to have
an extremely low ripple voltage in order to avoid minute variations of arc in-
tensity which could appear as noise in the photocurrent. A ripple of less than

0.05% was achieved, which is a sufficiently low level.

The galvanometers and a mechanical light chopper have been mounted on a
rigid stand capable of being positioned over any device with a minimum setup.
The chopper consists of a gear wheel mounted on a variable-speed motor and
arranged to intercept the light beam near the source aperture. The resultant
modulation frequency may be made as high as 40 kc and, since the photocurrent
will be similarly modulated, the desired currents may be easily separated from
any noise. The motor driving this chopper is not a synchronous motor at the
present time, and therefore it has a tendency to drift in frequency to some ex-
tent. The scanner cell is contained completely inside the vacuum chamber.
This precaution was taken in order to avoid oxidizing the ceramic-to-metal seal
at the sapphire window. This arrangement required that an additional window in

the vacuum chamber be placed in front of the emitter.
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C. ELECTRONIC SCANNING SYSTEM

The electronic scanning system is made up of the following components

shown in Figure III-1b:

X-scan generator
Y-scan generator
X galvanometer
Y galvanometer

‘ Galvanometer driver amplifiers and zero-control circuits.

The x-scan is obtained from an audio-signal generator, while the y-scan is
conveniently obtained from the oscilloscope saw-tooth also used to display the
surface map. Two Sanborn Co. galvanometers No. 618X and No. 618Y are
used for deflecting two plane mirrors which cause the light beam to scan the
emitter surface. These galvanometers are powered by two Sanborn No. 670-200B
driver amplifiers and a No. 670-300 driver power supply. The amplifiers and
power supply are mounted on the galvanometer control board which also includes
zero-control circuits for the galvanometers, and attenuators for the galvanometer

driving signals.

D. PHOTOCURRENT DETECTION AND AMPLIFICATION SYSTEM

The proper design of the photocurrent detection circuit depends strongly on
the magnitude of both the photocurrent and the thermionic current passing from
emitter to collector. A short calculation will serve to estimate the magnitude

of the photocurrent.

It is desired to scan the emitter surface with a light spot, approximately
1 mil (0.001 inch) in diameter. The present optical system using l-inch lenses

and mirrors is capable of focusing a light source 3 mils in diameter down to a

III-4
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1-mil light spot on the emitter. In order to maximize the amount of light
focused into the 1-mil spot, it is required that the first 1-inch lens be placed
9 inches from the light source, thus defining the solid angle of the light source
focused on the emitter. The energy of light which is focused on the emitter is
given by

ndz
P =1IQT T (2)

where I is the light source intensity, Q is the solid angle of the source which
the optical system receives, d is the diameter of the portion of the light source

focused on the emitter, and T is the transmissivity of the optical system.
For the present system
d = 0.003x2.54 = 7.60x10° cm.
The solid angle can be found by

mr

4R

Q = (3)

2

where r is the radius of the first lens and R is'the distance of the light source

from the first lens. It is estimated that
T ~ 0. 80.

The intensity of the PEK-109 high-pressure mercury lamp is

1.4x 105 candles/cm2

—
n

2.33x 105 Watts/cmz.

Substituting the above values in Eq. (2), one finds

P = 6.56x 10'3 watts.

II1-5
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To determine the photocurrent, it is necessary to know the photoelectric yield of
the emitter surface. This quantity is defined as the photocurrent in microamperes
per microwatt of light intensity. The system was tested with a 926 phototube

which has a photoelectric yield of

Y = 0.0018 X21P
u watt

In the 926 phototube, the optical system should produce a photocurrent of the

magnitude

i=YP (4)

aoow><&56x1d3

1L8x166amp

This is indeed the approximate current experimentally obtained from the photo-

tube when it is scanned by the optical system.

Preliminary experiments have shown that the yield of a tungsten surface
covered with cesium is about 100 times less than the 926 phototube, or

_ a5 upamp
YCs—W =10 pwatt

The above yield for a cesium-tungsten surface implies a photocurrent of

1=656x1d3x165

R 10-7 amp.

The photocurrent detection circuit must therefore be capable of measuring
-6 -
from 10 = to 10 ? amperes. If the photocurrent is measured across 1 megohm,

the detection circuit must be sensitive to voltages of the order of 1 millivolt. It
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is necessary, however, to amplify this signal to a level of 10 volts in order to

modulate the oscilloscope beam intensity. The detection circuit, therefore, must

have a gain of at least 104.

The display system consists of a modified Hewlett Packard 130 CR oscillo-
scope with an additional battery-powered ac amplifier, Tektronix Type 123, a
variable-bandwidth filter, and an input transformer. The arrangement of the
equipment is shown in Figure III-1b. The use of an interrupted photocurrent
eliminates problems of amplifier dc drift and voltage matching in coupling. The
bandwidth-limiting filter rejects most of the noise which may be white noise in
the thermionic current or hum present in the laboratory. A compromise must
be made in the amount of detail that has to be retained in the signal versus the
amount of noise that is to be rejected. This compromise determines the choice
of the bandwidth of this filter. The oscilloscope has been modified to allow
separate use of the vertical amplifier as a z-axis amplifier. The y-axis scan-
ning oscillator is, therefore, coupled directly to the vertical plates through a
phase shifter which compensates for phase shift in the galvanometer. Horizontal
deflection is obtained from the time base with an additional sawtooth output for
the x scanning. The z-axis signal may be observed by switching the horizontal
amplifier from the time base to the vertical amplifier, vertical deflection being
provided by the scanning oscillator directly. The z-axis system has sufficient
gain to completely modulate the intensity with the input amplifier noise and,
therefore, it is this noise which limits the maximum usable sensitivity to
10 microvolts. The corresponding minimum detectable photocurrent depends
upon the dynamic impedance of the cell, but is ultimately limited by the resist-
ance across the leadthrough (typically less than 100,000 ohms). The minimum
detectable photocurrent is thus about 10"10 amps. Saturation of the present

input transformer limits the thermionic current output to about 1 milliamp.
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With a larger transformer, the thermionic shot noise will limit thermionic cur-

rents to about 100 milliamps.

The circuit in Figure III-6a is only useful when the tube has a reasonably
high dynamic impedance. This can be shown by an analysis of the equivalent cir-
cuit. Consider Figure III-6b. In this circuit, ip represents the photocurrent
and R1 represents the tube dynamic impedance. The load resistance and collect-
ing potential resistance can be neglected since the thermionic current is con-
sidered to be large compared to the photocurrent. The resistance R3 is the

input impedance of a pre-amplifier, so that the voltage across R3 is the quan-

tity to be determined.

The following equations can then be written:

Lo 4
1p 11 12 (5)
iR, =iowlL + L1i oL (6)
171 2772 o 3773

and i R, =iwl,+oai oL (7)

33 373 27 2

where « is the light modulation frequency, and @ is the voltage transfer ratio of
the t f L, .
e transformer L, L2

Solving these equations for 13, one can then calculate V3 as

ipr3
= 1 = 8
v, = iR, I T (8)
1 - w(—}- - ——E)
R3 R1
To maximize V3, the quantity in parentheses is set equal to zero,
L3/R3 - LZ/Rl =0 (9)
= 10
or L3/L2 R3/Rl (10)

III-8
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In addition L3/R3 and LZ/RI must be small so that the response time of the

circuit is short.
Desirable parameters for the circuit would be
: 5 .
w = 10 radians/sec

-6
<
L3/R3 < 10

and wL3 = 106

Then L3 = 10 henries
7

and R3 = 10 ohms.

Practicable transformers have a maximum voltage transfer ratio of 1000. There-

fore, this ratio and Eq. 10 fix L2 and R1 as

o)

d
an R1

10 = henries

104 ohms.

v

This circuit would be capable of measuring a photocurrent 10.11 amperes

when used in conjunction with the amplifiers.

The lower limits, set by the tube dynamic resistance, point out that diffi-
culties in detecting the photocurrent become increasingly important as the region
of practical converter operation is approached. In this region, converter dyna-
mic resistance can be less than 1 ohm, which is several orders of magnitude be-
low the limit set on R_,. This means that the sensitivity of the circuit is several

3
orders of magnitude less than the 10_11 amperes calculated above.
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E. DESCRIPTION OF PHOTOELECTRIC SCANNER CELL

1. Preliminary Model

As shown in Figure III-7, parts numbered 1 through 4 make up the standard
emitter assembly which can be fitted to both the thermionic scanner and the con-
verter. The emitter assembly is attached to the tube by means of a flange using
a copper gasket. Part 9 is the collector, and part 15 is the sapphire window
through which the emitter is scanned. The leadthrough (12, 13, 21 and 22) is
heliarc-welded onto part 11. Should the leadthrough fail in any manner, it may
easily be replaced by grinding off the weld and rewelding a new leadthrough to
the unit. Deterioration of the leadthrough electrical resistance is expected to
necessitate frequent replacement of this part. The sapphire window is also
welded to the unit so that it can also be replaced. Part 10 is a copper ring on
which a heating coil is mounted for heating the casing to a temperature above
that of the cesium reservoir. The cesium reservoir is attached to.a nickel tube
brazed to the side of the casing. The model is designed to be set on top of an
open-end pyrex bell jar so that the emitter section and bottom portion of the
tube can operate in vacuum. The upper flange and sapphire window are heated

by a hot inert gas.

2. Advanced Model

In testing the preliminary model of the photoelectric scanner several im-
provements were found to be necessary. It was found that the demountable cop-
per gasket did not function reliably; in the advanced model the emitter was re-
placed using a demountable weld of the emitter section. Als'o it was found to be
impractical to operate the scanner with part of the casing expanding from the
vacuum bell jar, due to difficulty of controlling the casing temperature. An ad-

ditional sapphire window was required to allow the entire unit to operate in
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vacuum. In addition, the entire tube was reduced in size, increaéing all-around
operating convenience. This model is shown in Figure III-8. The emitter (1)
is attached to the emitter sleeve and thermal barrier (2), and to the supporting
structure (3). Heat is rejected by a molybdenum radiator (4). A supporting
structure (5) is equipped with a demountable weld flange. A titanium getter (6)

is provided.

The photoelectrons are collected on the collector (20), which is attached to
a demountable leadthrough (21). This leadthrough may be replaced using the de-
mountable flanges if the leadthrough resistance becomes too high for measure-
ment. The light beam enters through the sapphire window (22), also welded to
the casing (23) by means of a demountable flange. The cesium is introduced via
the tubulation (24). This same tubulation is used for the initial pumpdown and
outgassing of the tube. A groove is provided on the casing for mounting a heater
to control the casing temperature. The entire unit is mounted on a variable-
temperature heat sink, and is supported in an evacuated bell jar fitted with a
sapphire window. This is shown in Figure III-9. The mirror drive mechanism

is positioned above the sapphire window.

F. RESULTS FROM PHOTOELECTRIC SCANNER

1. Preliminary Experiments

A convenient way for setting up and calibrating this scanning device has
proved to be the use of a commercial phototube. Figure III-10 is a map of the
phototube surface. The dark diagonal line is the shadow of the anode wire in the
phototube. The size of this wire provides a measure of the detail that can be re-
solved with the device. The diameter of this wire is about 0.040 inch, and the

smallest spots discernible in this map are observed to be roughly 0.002 inch. It
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is interesting to note that essentially no gray spots appear in this map, indicat-
ing that this surface is relatively uniform except for non-emitting black spots.
Figure III-1la is a display of the photocurrent along one scanning line in the Y
direction of Figure III-10. The large dip near the top of this picture is the
shadow of the collecting wire in the phototube. This type of display can be used
in quantitative measurements of work function, since the actual magnitude of
current is indicated here rather than relative brightness. The simplest method
of obtaining quantitative data can be described in terms of the right-hand side of
the pattern shown in Figure III-11b. Here the dc level has been adjusted so
that all portions of the surface having photoemission less than a certain value
will show as black areas on the map. Now, if several photographs are obtained
with the dc level at successively increasing values, the areas with work func-
tions between prescribed values will show up as new black areas in the succes-

sive maps obtained.

The first emitter to be tested in the photoelectric scanner was a poly-
crystalline tantalum emitter. Photographs of emission scans of this emitter
are shown in Figures IlI-12a,b. Areas of varying emission are seen in this
photograph. By adjusting the intensity of the display to the sensitivity of the
film, a greater range of values of gray can be read from the photograph.
Figures III-13a, b,c are maps obtained with a polycrystalline tungsten emitter
in equilibrium with cesium vapor. In Figure III-13a cesium and emitter tem-
peratures of 300°K are employed. Figure III-13b shows the same area with
the same cesium pressure but with an emitter temperature of approximately
600° K. In Figure III-13c the emitter temperature has been raised to 800° K.
Note that the best detail and resolution are obtained with the intermediate con-
ditions. The higher-temperature picture is at approximately the limit of the
present system which is controlled by the relationship between thermionic cur-

rent and photocurrent.
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2. Experimental Results

After the preparation described in Chapter 4 of the Third Quarterly Report
and after metallurgical examination, the composite emitter was introduced in
the photoelectric scanner. In the scanner it was outgassed at 1600°C for
12 hours. This temperature is well in excess of the operating temperature of
the scanner. A typical series of photographs of the emitter surface is shown in
Figure III-14. These photographs have been obtained directly from the display
on the oscilloscope screen. The cesium reservoir temperature has been held
constant at 300°K, and the surface temperature has been varied from 360°K
to 660° K. Note that the display is a mirror image of the photograph shown in
Figure III-15. The herringbone pattern in these photographs results from the
use of a chopper and does not appear when viewed directly using a long-
persistence phosphor in the display tube. The diminished intensity toward the
edges of the emitter is caused by the effect of stray magnetic fields from the
galvanometer magnets. The differences in photoelectric current resulting in
dark and bright areas on these photographs are about 15% of the average
photocurrent value, corresponding to a work function variation of about 0.2 volt.
This is quantitatively consistent with both previous experimental and theoretical
results for surfaces with bare work functions between about 4.2 and 5.2 electron
volts. The results obtained throughout this program have been correlated in
terms of the dependence of covered work function on bare work function and
T/TR. This method has been found to be the most convenient way of correlating
work function variations. In terms of this dependence, the changes occurring
in the series of photographs shown in Figure III-14 will now be discussed. The
quadrants (111) and (110) reverse their roles as lowest cesiated work function
areas as T/TR is increased. The photograph taken at T/'I‘R =1.2 shows that
the (111) quadrant is the brightest, while the (110) is the darkest area. At
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the other extreme of T/TR =2.2, the (110) quadrant exhibits the lowest work
function while the (111) appears to be the darkest. This is consistent with
theoretical expectations if the (111) quadrant has a bare work function near
4.3 and the (110) near 4.6. The niobium braze is the darkest feature at
T/TR =2.2, as expected, but it is the brightest at T/TR = 1.2, which is counter
to expectation. The electropolished region of the (100) face is the darkest ex-
tended region below T/TR =2.2, suggesting that it has the lowest bare work
function, less than 4.3 ev. This behavior of the two areas of the (100) face
clearly demonstrates the difference in emission that can result from different
methods of preparation of the surface. Finally, at T/TR =2.2, the surface ap-
pears most uniform. At this region of T/T_ this is to be expected for surfaces

R
having work functions between 4.2 and 5 ev.

G. DISCUSSION

The usefulness of the photoelectric scanner lies mainly in its ability to oper-
ate at much lower surface temperatures than can thermionic display devices.
This permits observation of changes in the surfaces of emitters or collectors as
they are heated from room temperature to thermionic temperatures. The ability
of this scanner to observe these changes is particularly useful since the therm-
ionic scanner takes over at the end of the range of the photoelectric scanner and

extends the emission display to very high temperatures. The photoelectric de-

vice should be especially useful in the study of collector surfaces. Thus it is
evident that these two devices complement each other rather than performing
duplicate functions. In the region where they overlap, they provide a cross

check to increase confidence in the interpretation of results from both devices.
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CHAPTER IV
THERMIONIC SCANNER

A. PRINCIPLE OF OPERATION

Assume that the elementary diode shown in Figure IV-1 is placed in a coil
capable of producing a strong magnetic field and that the emitter possesses a
non-uniform work function over its area. When an accelerating electric field
is applied between the emitter and collector, a discharge is produced and a
uniform glow is generated in the interelectrode space. When the magnetic
field B1 is turned on, the electrons emitted are forced to follow tight spiral
paths from emitter to collector and are prevented from diffusing in the
direction parallel to the electrode plane. The uniform flow has now been
replaced by " pencils" whose intensity depends on the emission current density.
The collector is provided with a small hole, and the electrons passing through
the hole are collected by an auxiliary collector, By varying the strength of
fields B2 and B3, the paths of the electrons can be deflected through any angle,
and the emission current pattern from the emitter surface can be scanned over
the hole in the collector. The current from the auxiliary collector can then be
used to display this pattern on an oscilloscope in the manner described for the

photoelectric system.

B. THERMIONIC SCANNER CELL

1. Preliminary Model

The preliminary model of the thermionic scanner cell is shown in
Figure IV-2. The emitter (1) is fabricated of tantalum. A one-piece tantalum

sleeve is used to connect to the emitter leadthrough (2), and a collector (3) is
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opposite the emitter, separated from it by approximately 0.1 inch. A small
hole (4) is provided in the collector, allowing electrons to impinge on the

probe (5) directly below the small hole. The shield (6) is inserted around the
emitter and is intended to reduce stray emissions and permit easy observations
of the discharge through the sapphire window (7). The collector is electrically
connected to the casing (8). The probe is supported at the end of the nickel
tubulation and insulated from the casing by a leadthrough (9). The end of the
tubulation holding the probe (10) serves as a trap for any cesium that may enter
through the small hole (4). The tube is kept at a low temperature, (20°C) by
means of the water cooling coil, condensing all the cesium and maintaining a
pressure of 10"6 mm Hg. The entire cell may be maintained at any
temperature desired using the variable temperature heat sink (11). The
electron gun assembly (12) is used to heat the emitter by bombardment. A
conventional cesium reservoir is attached at (13). The purpose of the model
was primarily to demonstrate and study the principle of thermionic scanning
rather than to test fabrication techniques of the advanced model proposed
earlier. Therefore, no attempt was made to make the appearance of this
preliminary model similar to the final model or to make the emitters inter-
changeable with those in the photoelectric scanner or the converter. A second

model for this purpose is described below.

A cross section of the proposed design for the advanced thermionic
scanner is shown in Figure IV-3, It consists of two chambers. The main
chamber, located between the emitter (1) and the collector (15) contains cesium
vapor at a relatively high pressure — of the order found in an operating

converter. The second chamber, located inside the collector and containing the

probe (18) is maintained at a cesium pressure corresponding to room
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temperature {~ 10'_6 mm Hg). This is accomplished by connecting reservoir

(24) to the water cooling coil directly.

It should be noted that the emitter assembly, which includes all the parts
above the gasket (6), is identical to the one employed in the test converter and
| in the photoelectric scanning device. This feature permits the incorporation of
| a given emitter into any one of these three devices with a minimum of handling

and alteration.

The emitter temperature is observed with an optical pyrometer in the
blackbody hole provided on the rear face of the emitter. An additional hole is
provided on the back face of the emitter for the insertion of high temperature
thermocouples if their use is deemed desirable. The heat conducted by the thin-
wall. emitter spacer, is rejected by the radiator (3). The size of this radiator
has been determined by calculations so that the entire emitter structure is
maintained at about 900° K or below throughout the entire range of emitter
temperature employed. This temperature is a suitable operating temperature
for the getter (7) which is made of titanium. The getter has been incorporated
in the device for the purpose of collecting any gases that may evolve from the
parts of the device after outgassing. A sapphire window (9) has been included
to enable the observation of the discharge during operation, and the measurement
of the deflections produced by the auxiliary magnetic fields. This sapphire
window can easily be replaced by cutting the heliarc weld to the window

insert (10).

The envelope of the cell (8) is joined to the collector (15) by means of a
leadthrough (11). This leadthrough is not used as a mechanical support.
Support as well as cooling is provided by part (17) which is brazed to the

collector and mechanically joined to the envelope (8) with a thin sheet of mica
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interposed befween the two for electrical insulation. The probe (18) is
supported on a nickel tube (19). This tube is held in position by a leadthrough
(21). The extreme lower end of the tube (19) forms the cesium reservoir of

the second chamber. Any cesium that enters through the aperture on the face
of the collector is condensed, and the cesium pressure is maintained at a

level corresponding to cooling water temperature. Eventually, all the cesium
of the main chamber will be distilled into this reservoir, This would take
several hundred hours of operation, however, and therefore is of little concern.
Part (17) provides cooling for both the collector and the envelope of the unit.
The temperature of both the collector and the envelope can be regulated by

adjusting the heat input into the variable temperature heat sink (23).

The model described above was not actually constructed. As mentioned
in Chapter III the experience with the preliminary model of the photoelectric
scanner had shown that several items, i.e., the demountable seal, of that
design were not found to be practical. Also, the over-all size of the unit was

reduced by redesign permitting greater scanning resolution ranges without an

increased magnetic field.

2. Advanced Model

Based on the experience with the photoelectric scanner and preliminary
models of the thermionic scanner, a prototype was built as shown in Figure IV-4,
Parts 1 through 7 comprise the emitter assembly and have already been
described under photoelectric scanner, Chapter III. The emitter assembly for
the two advanced-model scanners, and the converter are identical and fully
interchangeable. Emitters are mounted and demounted by welding the flange

and cutting the weld open, respectively. Sufficient length has been incorporated
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into this flange to allow the replacement of the emitter several times. The col-
lector (21) has a larger area than the emitter. This is to allow electrons to be
collected even when the electron stream is deflected at a 45° angle. A small
hole in the collector (22) is provided to allow the electrons to pass through to the
probe (23). The small hole is approximately 0.0025 inch in diameter. The
probe (23) is connected by a molybdenum rod of substantial cross-section to a
probe leadthrough (24). This leadthrough has an intermediary flange which
serves for additional insulation between the collector and the probe, and may be
used for a bias control. At the end of the molybdenum rod, a provision is made
for attaching a thermocouple and clamping to the water reservoir which main-
tains the probe temperature as close to water temperature as possible. Finally,
a cup (25) is used to thermally isolate the collector from the probe. The main
collector is connected to the body and to the emitter via leadthrough (26). This
model has a fixed spacing, therefore the leadthrough is of a rigid design. A
molybdenum ring (27) is provided to maintain the casing at the same tempera-
ture as the collector. This ring is insulated from the collector with a mica
sheet. The casing is fabricated of nickel and, therefore, during operation its
temperature must be raised above the Curie point. To facilitate this, an addi-
tional heater filament was included in the electron gun to heat the radiator and
consequently the casing. This heater was used for tests conducted at low emitter

temperatures. A cesium reservoir is connected at the tubulation (28).

C. THERMIONIC SCANNING SYSTEM

The most critical component of the thermionic scanning system is a set of
coils to achieve suitable collimation and controlled deflection of the magnetic
field in the emitter collector interspace. It is desirable to generate the highest

possible magnetic fields without the use of iron to permit rapid change in the
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fields during scanning. The most practical way to gene rate this field is by the

use of water-cooled copper coils.

Figure IV-5 is a schematic arrangement of the thermionic scanner coils. In
this figure, the collimating field coil is seen to surround the entire thermionic
scanner casing. Two pairs of coils are disposed in the X and Y directions to
obtain the scanning. The deflection coils are potted in epoxy to prevent distortion
due to the strong magnfetic field. Since the coils are composed of relatively few
turns, a high current is required to produce a magnetic field. Two coils, X, are
wired in series to provide the X deflection of the electrons; two coils, Y, are
also wired in series to provide the Y deflection. The coils, X, are operated at
low frequency, 1 or 2 cycles per minute, while the Y coils are operated at
60 cycles per second. The combination of the two motions generates a two-
dimensional scan of the emitter surface past the aperture in the collector. The
constant current for the collimating coil is supplied by a motor generator set and
is controlled by water-cooled resistance banks as well as a field rheostat on the
generator. Up to 200 amps may be obtained in this manner. The X deflection
coil is powered by a step-down transformer connected to the 60-cycle ac main.
The current is controlled by an autotransformer, and this system is capable of
producing currents up to 200 amps peak-to-peak. The Y deflection current is
obtained from a low-voltage, high-current regulated dc power supply pro-
grammed by the sawtooth voltage from the display oscilloscope. Since this is a
dc supply, only one-half of the emitter surface may be scanned at one time, and
the connections to the deflecting coils must be reversed in order to scan the
other half. The current in these coils is limited to 150 amps peak-to-peak by
the capability of the supply. A field of intensity of about 200 gauss can be ob-

tained from the deflection coils. Figure IV-6 shows the scanning and display

system electronics. The display system uses a modified Type 536 Tektronix

IV-6




‘ THERMO ELECTRON
h ENGINEERING CORPORATION

oscilloscope with Type T and Type B plug-in amplifiers. Vertical deflection is
obtaine;i‘ bthro>u:gh a phase-shifting circuit from an extra winding on the X-scanning
transformer. Horizontal deflection is obtained directly from the time base. A
negative ~going sawtooth from the horizontal output terminal is used to drive the
} Y -deflection power supply. At this low scanning frequency, no phase problem

exists.

D. SIGNAL DETECTION AND AMPLIFICATION

The signal from the auxiliary collector has a very-low-frequency component
because of the low scanning rates involved. It is, therefore, necessary to use
dc amplification throughout the intensity modulation (Z axis) system. The
auxiliary collector is connected directly to a Tektronix Type B pre-amplifier
with a Type 132 power supply, as shown in Figure IV-6. Sufficient gain is
available to completely modulate the intensity within the range of emitter and
cesium temperafures. Contrast is controlled through gain, and brightness by
adjusting either the intensity control or the dc level. No probe collecting volt-
age or lead resistor other than the pre-amplifier was used. At the low scanning
frequencies used, direct visual observation is very difficult and photographic
techniques must be used. A film with a good range of grays must be employed
to produce the variations apparent in the output waveform. Calibration of the
film is acc‘omplished by feeding a known input to the Z axis pre-amplifier. The
display of the signal produced by the X scan may be obtained by switching the

vertical input to the Z axis amplifier output and sweeping at a 60-cycle rate.

E. EXPERIMENTAL RESULTS FROM THERMIONIC SCANNER

1. Preliminary Experiments

Runs were made with the polycrystalline tantalum emitter with various

emitter and cesium temperatures, and with different collimating fields.
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Photographs of these results are shown in Figure IV-7. In each case the deflect-
ing fieids we;e held constant. The brightness and contrast of the display were
adjusted for the best picture with emitter and cesium reservoir temperatures of
1210° K and 420° K, respectively, resulting in Figure IV-7a. At an emitter
temperature of 1260° K, shown in Figure IV-7b, the average current has de-
creased and the patch effect is much less pronounced. At an emitter tempera-
ture of 1130°K, shown in Figure IV-7c, the reverse effect occurs with great con-
trast between the active and inactive areas. At a lower cesium temperature

(400° K) as shown in Figure IV-7d, a behavior similar to that at a high emitter
temperature is obtained. With the higher cesium temperature (450° K) shown

in Figure IV-Te, the prominent pé.tches observed at a low emitter temperature
are not apparent. The amplifier gain in each case was maintained constant

while the dc level was varied to maintain nearly the same average brightness at
the start of each scan. Figures IV-7f, IV-7g, IV-7Th show the effects of collimat-
ing field currents of 0, 50 and 150 amperes, respectively. It can be seen that,
as the collimating field is increased, the deflection angle decreases and the pic-
ture is, therefore, apparently magnified with a smaller portion of the emitter
being displayed. At the same time the resolution is increased. The bright area
in the pictures is about 1/8 inch in diameter, so that the smallest patches ob-
served are about 0.010 inch in diameter, as shown in Figure IV-7h. Higher
currents did not appreciably change the resolution but caused further magnifica -

tion.

The above discussion is qualitative. In order to obtain quantitative results
single-line cross scans were obtained at various locations on the emitter. These
cross scans are not shown here but are similar to those in Figures 1V-10, -11,
-12. The cross scan results were analyzed as explained in Section 2 below, and

the resulting work function values have been superimposed on the corresponding
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photographic map to clarify the relationship between the quantitative and quali-

tative results. This is illustrated by Figure IV-8.

2. Experimental Results

The composite emitter, Figure III-15, was incorporated in the thermionic
scanner, where it was heated at 1600°C for 12 hours. Figures IV-10, -11, -12
show the results obtained with the thermionic scanner when the reservoir tem-
perature was maintained constant at 420° K and the surface temperature was
varied. The area displayed in these photographs is only about half the radial
distance from the center of the emitter. Also included in the figures are the
cross scans corresponding to each photographic map. These cross scans have
been obtained along the line in the photograph opposite each trace line zero.

The magnitude of signal at each point represents a given value of collected cur-
rent and can be used to calculate the corresponding work function value by sub-

stituting in the Richardson equation.

The most striking result is that the polycrystalline and (100) quadrants
emit very little current compared to the other quadrants. Using the area of the
hole and the measured probe current, apparent values of the local work function
at a given feature can be computed from the current profiles, using the
Richardson equation with A =120 a.mps/cm2 -° KZ. Such values are plotted in
Figure IV-9, and their dependence on T/TR may be compared with the theoretical
curves for three different bare (vacuum) work function values (¢o). The bright-
est (highest current) features, i.e., most of the (110) and the brightest patches
in the (111) quadrant, fall on or near the curve coresponding to a bare work
function of qbo =4.6 ev. The light gray and dark gray plateaus between the
bright patches in the (111) quadrant correlate with about ¢o =4.4ev and

d)o = 4.3 ev respectively, as may be seen in Figure IV-9. Currents from the
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dark quadrants were obscured by noise, but they appear to corespond to ¢O <4.2 ev
over their entire surface. This latter result is quite surprising, especially since
these quadrants contain mechanically polished areas and large etch pits which do

not appear in the display.

The data shown were taken with the converter operating just beyond satura-
\/—_‘fibn' in the first (i.e., intermediate or low-current) ignited mode. When the

applied potential difference was further increased into the second (arc of high
current) ignited mode, the current from the brightest patches would begin to in-
crease with the onset of a noise (rf) component. Under these same conditions,
emission from the cavity between the polycrystalline and (110) faces would be-
gin to dominate the display pattern. Other areas were unaffected, however.
This effect became more intense as the work function ¢ decreased into the
electron-rich region below the "neutralization" work function qsn shown in
Figure IV-9. In fact, for T/TR<2. 2, the only observable feature was intense
emission from the cavity, as confirmed by visual inspection through the sapphire

window.

Figure IV-13 shows a photographic map and several cross scans of a single-
crystal (110) tungsten emitter which was also examined in the thermionic scan-
ner. In contrast to the composite emitter previously discussed, these cross
scans show remarkably little variation across the face, indicating a relatively

uniform emitter.

To obtain quantitative results measurements of photocurrent vs. diode volt-
age were taken. These are displayed in Figures IV-14a and IV-14b. The re-
sulting values of work function, as computed from the probe characteristics, are
shown as open circles in Figure IV-9. These are in complete agreement with

the (110) results from the composite emitter, which are shown as solid circles
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on the same figure, and with the points shown as solid triangles which were ob-

tained by operating the (110) emitter in a test converter.

Except for changes noticed during initial heating in the photoelectric scanner,
no time-dependent changes in the emission pattern of any emitter at a given value
of T/TR have been observed. It must be emphasized, however, that emitters

have not been subjected to temperatures above 1800°K during the test series.

A notable exception to the above statement occurred when the metal envelope
of the thermionic scanner cell was heated well above its previous operating point,
with other variables held constant. On this occasion, the emission display
abruptly changed to a new, diffuse and varying pattern which, after about 1/2 hour,
returned to the original stable pattern. This presumably occurred due to the re-

lease of impurities into the cell atmosphere which contaminated the surface.

It has been observed that the degree of resolution of the thermionic scanner
pattern is dependent on the value of the quantity Hz/p where p is the cesium
pressure and H is the collimating magnetic field. Since only moderate magnetic
fields have been employed (i.e., <300 gauss) the use of reasonably larger fields
should permit operation at higher emitter temperatures and cesium pressures
than employed thus far. Furthermore, by reducing the size of the collector ori-
fice and by obtaining higher probe leadthrough resistance, higher magnetic fields

should permit substantially greater resolution to be obtained.

Iv-11



oS- - /-T2

Collector




Go-£-1- 7S




B U



e waTATEE T

e

P

.
a f‘ PO
S.Xlxnxx.x WS 88 -

4
3
\

i e

NSy W

+
bl

‘
)
N N
[avvun e

QN

A
A
A
A
A
N
N
~
N
N
Ll L TIIZ L:tmﬁtxz 725007

i 1 ,
> 2 . g et 4 e
P aane At ot dur i S A ‘L

1
. v
,__; _\_;‘L\_L;‘;,_H A‘\:_::,
!
|

N\
N




N7




SENTE

[RSUE N W
—_

N
-
)

F
i
i
!
t

- A

—h

~
SN W

| .
A
\ &
T R | , 4

%//.‘




Y

S,



\

R

ks L

n

\

’-

S ean l.
s agLens ;?.“,;‘\_;_ Sy

C




RSSO




—

e




‘.}Q?MM,IY’; M%7MM



.
. .
*
..
.-

7

TN

/

o
o

1l
)
; i
N

. !
/ 4

N §/ R
N \/
I E( :
AN tf

£\ :D

N N% .

23







N
B
' k
G H
. i
1
i
f
'

Primary Field Coil

- X Field Coil

e bl e e 3f] [

) t
5
i e -
i - i
| 14
i ¥ - :
I :
!
1 1
y o
i
'
: é
[
1.
i

i e o e

EI SO s

Y Fleld Coil

Probe

Emitter

Collector

X Field Coil

.-



}

;

| LEmitter
’,;Colloctor '

!

60 cycles AC

Programmed
Power Supply

=

: Scanning and Display Systems

Filrgure W-&ﬁchematic of Thermionic Scanner



o
s

T T 1200°6 Ty aoue




\f/v

4

4

e Z-"e. W /A,«_,‘MV 2 ko

2ref Te=1¥30°K T, | yo0K




\;Z:A—j,u,\.g -:‘7' 72, . WM )Z""‘—V\——'.‘,A/ 'Z(/ﬂ(é iw;w,

WLG“ﬁr 7;—’ = /alec k, Tc‘j = 40~0c:/'<v



-— Y%
T, L g = 12107 o, yrook, CFE=0

bA-£~| -8

B . /) " )i JMW
Fpon T, Ihtrrries Atnrins Wit

Wy 74 "‘-161 )’;:' = /;')/U'[’/C, /CO = 428 dﬁ/ arFc :'j‘d




?/LT(AX« 4-7 ~7k. @WM‘ JQMM\J 2w b fzc—f/;wzéw

—_— .7 ot
'77’(4%/ lL" = /10 /C/ /(_’6 ;17(3200/( c Y ad ;Afd




DS ~1-pD




I -

Work Function, ¢ (ev)

64-R-1-87

H

13

] | ] ]
| 2 3
_1. Surface Temperature
Ta Reservoir Temperature

U Scanner Results - <110 Emitter Electro Polished
4 Converter Results - (1100 Emitter Electro Polished

Figure I1V-9, Apparent Values of Work Function



11O
100

T, = 420°K

j,Lx,LL'u'. E-—/ 0 ”7,(,)4,1,24 c“f;/prv{ ZM 77L4}& ax b Clgpgo JAM ‘/l

\ﬂ/(.&/‘-;wiﬁ;/L’L ./’JA'MM Lo, @k’,uW'L, &,W:L-Z(_L/




bY-R-1-&9

T/T =2.67
R

T =420°K
R

Figure IV-1l. Work Function Map and Cress Scan For

Thermionic Scanner. Composite Emitter




T/TR

by -A~/- 90
= 2- 49

T/T_= 2.37
/R

Figure IV-12,

Thermioni

Work Function Map and Cross Scan For

c Scanner. Composite Emitter

|
|




e iy .

Figure IV-13., Work Function Map and Cross Scan for Thermionic

Scanner. Single Crystal {110) Tungst en Emitter, '




RIS

1 + m. B
il ! -
"'d i ‘ m - vl IR
. ! : .
4 4 '
~ T MRS SRSttt & o A
' | H !
et e e M N T . M
) T s Ll o .
u’ ! 10 BN 1 L
- : B SERSSA
9 LTIl T o o
: i - . e .
- [ . B - - . + .
- P N D ) I :
L ; : i
1 - : - -t
——— - - N
R S N N .. v
o : - N
PN PRSP ISR ) ~
- R s e w
..... . [N - -
e e —a N . e o - : ~
LoToin i N ¢ .
. .. 3 ~
| : ; -
T : : : ; K3
- - -3 - + m fr
: ~
. - - o e e B DY N « - .- : i gt i -
il P LTl TN ToUTn ; . B e 3 . ‘t N
e - a- - DR - .. . . - - B ) ’ ~
v sy - - . - e - - - . :
b e i . DRSS N
IR 5 i : : : M ~
: z H Tl . N N N
M P . N T T Y 3
m : S SAASE SRS TN H S
- - RS - 5 o
o PRSI S QR Y ~
o o : . {4 -
: BSOS JSURS SO ; ,W e
A P . A -~ kY
: T .
ek P - . P ~ ~o
- PRI S . 4 ;
i H e | : i g
..... — i . . . B 3
sy NP Suaae Sbeas o [t E NN
[ODUIE SR SO i ; ! . Q
s e Do feed z >
R [ERRERERS ¥ T ; J s AN
.- e ,f L~
<
e ]
pp———— L
- - B S >
SN ~
b e . 7
Lo : SUNRE SLARS SINAE SaNd SSGE0 SES0S SRS SEURS Sl I o [
e - .‘ DOSSRASE SHURE SRS SO SRS SOURDARBIN So et L s
- il P - .. .. R I - - - PN - 3 -
P - e JRENE S . EPUSSY D o
. B - .- [ SBE SR e . - AA,\‘ EIEIEETRP S »
L AN SO DI : NS RIS SERS SEEaS JEEES Shatd Ssik SR I ol :
‘- . et - - .. PR JEDNNI: QU B G AP .
w L ) M AP IR S S P SO SN - ~
IR sl R0 SIS Eatha S [N O IETES CRON SOUDY P SR SRR m i
. RS BETRs SRCr) St SRR RERES P FRTTS JE TN SEINS SEouatdes s da 1 ]
N = . . - [T SN PR . - - . .«4 - . - 1 PO [N TR { — - i
i B3 B R R ERRE SRR Rt EEtRb ot : S SRS BESS s St S S ¢
: . R ISR OGHENE SONINANSI R ' TR SIS DO S oy :
. =  EEeEscEEl LR SSEBE UER! SIS FRETS HSTS SRS St i S i
oo TS UEEE EETRN SHET ERSES eIt & o w S SUNOE SUBEE SOBIN T oo b '
i i i Slp- Il ; I 1 RS ST SRTRSIRIN S |

e e T

ﬁ ¥ O ANt v VTYHISnd @ NF gy
oy S et i O | - it { N | giinh | 17 it




-
Vgt Y 7

TR I Rl
OGNy

PRt -~

i P Pl M; R A [
Cen . ! U S SR . ' ; . H
| Lo P ! :
—4 R i -
| ¥ W
E ; :
S SRR N R s .
i
1

E, Vo.rs

CEALL o ,/.'// REACTELIST 15

’

Mew Vor7pg
Feon &

./A/ll

o

1

)

tn“, N lx#) .




THERMO ELECTRON

ENG I NEERINGE CORPORATION

CHAPTER V
CONVERTER STUDIES

A. GENERAL

The fundamental purpose of the scanning experiments and of the metallurgical
work is the determination of correlations between theory, surface preparation
techniques, covered work function and converter performance. The converter
performance may, therefore, be considered the acid test of all that has gone be-

fore.

This chapter describes two types of converter tests. In one type the average
covered-surface work function was determined in the converter and compared
with the point-by-point values obtained in the scanner. The correlation is found
to be excellent. The converter performance was then determined, and it was
shown that surfaces with the same measured value of covered work function give
the same performance. Thus the consistency of the results obtained from the

various experiments performed under this program has been clearly established.

B. THE TEST VEHICLE

The type of test vehicle used in this program has been extensively employed
at Thermo Electron for research work in the past. The electrodes are of plane
parallel geometry, and the design allows considerable variation of the important
parameters. The fact that the emitters had to be scanned prior to their use in
the converter dictated a change in the emitter assembly. Other than that, the
design was not altered. Figure V-1 is a cross-sectional view of the test vehicle
and its supporting structure. The emitter (1) is a flat disc, 3 cm2 in area,

composed of a tungsten face brazed on a tantalum backing. On the backside of
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this emitter sandwich a cavity (7) is located and serves as the point in which the
emitter temperature is measured with an optical pyrometer. The emitter is
supported by a thin tantalum tube (2) which also serves as the electrical con-
nection to the emitter. The other end of this tube is joined to the emitter sup-
port (3). A radiator (4) helps dissipate the heat conducted by the tantalum
sleeve supporting the emitter. Part No. 5 is a flange joining the emitter as-
sembly to the collector assembly and retains the getter (6). Parts Nos. 1 through
7 constitute the emitter assembly which is common to the scanning devices and
the converters used in this program. The molybdenum collector (8) is joined to
the seal assembly (9) and the collector support (12). The envelope of the con-
verter is completed by part No. 11, which is welded to the emitter flange (5).

The two flexible flanges of this seal allow part No. 11 to move with respect to

the collector (8), and thus the spacing between emitter and collector can be
fixed by adjusting the relative position of parts Nos. 11 and 8. Part No. 12 is
attached to a heating coil (13) which is joined by three copper legs (14) to a
water cooling coil (15). The amount of heat injected by the heating coil deter-
mines the temperature of the collector face, since this temperature is a function
of the balance of the heat injected by the heater and removed by the water-
cooling coil. A copper tube (16) joins the cesium reservoir (17) to the main
converter. The temperature of the cesium reservoir is also determined by a
balance between the heat injected by a resistance heater (18) and removed by a
cooling strap (19). This method of temperature control allows the cesium

reservoir and collector temperatures to be varied over wide limits.

C. INSTRUMENTATION

All performance data was obtained by dynamic testing; that is, the output

characteristic of the converter was traced at 60 cycles and recorded at a slower




v

T s weem

THERMO ELECTRON
E NG I NEERING CORPORATION

rate. FigureJV-Z is a schematic diagram of the instrumentation used for this
purpose. Basically, the function of this circuit is to apply a 60-cycle alternat-
ing voltage to the converter terminals. This is done by the variable transformers
A and B, which are connected through isolation transformers (A and B) in
series across the converter terminals. A shunt (R-2) is provided for the meas-

urement of the currents circulated.

The reason for the use of two variable transformers, as well as the various
diodes shown in the circuit, becomes apparent once the problem of tracing a con-
verter characteristic is discussed. Figure V-4 is a typical converter character-
istic. A loadline determined by the shunt resistance and the resistance of the
leads of the circuit is also shown on this same figure. The intercept of this
loadline and the converter characteristic will determine the voltage at the con-
verter terminals when no external source of voltage is incorporated in the cir-
cuit. In other words, this is the voltage which would be measured if the con-
verter is operating and no power is supplied to the variable transformers shown
in Figure V-2. The use of the two variable transformers allows tracing any
portion of the converter characteristic to the left or to the right of this zero-
voltage point. How this is accomplished can be described by referring to
Figure V-3, which plots the voltage generated across points 1 and 2 of
Figure V-2 against time. VA is the voltage generated by variable transformer A.
It is a half-wave rectified ac voltage. The voltage generated by variable trans-
former B is a continuous ac voltage of a much smaller amplitude. The sum of
the two voltages is shown as VA+B in Figure V-3. The zero in Figure V-3
corresponds to the 0 voltage shown in Figure V-4. Now, depending on the set-
ting of the two variable transformers, the region of the current-voltage curve
traced to the left or to the right of the "0" position can be increased or de-

creased. The current is measured across shunt RZ' The voltage is measured
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directly by voltage taps located on the converter itself. These two signals are
fed into a sampler, the function of which is to scan the repetitive trace of the
characteristic of the converter at a rate much slower than the 60 cycles. The
output of this sampler is fed to an X-Y plotter that produces a permanent

record of the characteristic of the converter.

D. PERFORMANCE TESTING

All converter performance data were obtained in the form of families of
current-voltage curves. Such a family is shown in Figure V-5. It is obtained
by setting the emitter temperature, the collector temperature, and spacing at a
fixed value. The cesium reservoir temperature is varied, and individual current-
voltage curves are recorded at 10° intervals of cesium reservoir temperature
variation. It will be noted that any two individual current-voltage curves cross
each other at a certain voltage. Moreover, for any given voltage, the maximum
current is exhibited by one particular I-V curve. This behavior makes it pos-
sible to define the locus of maximum performance for this family of current-
voltage curves, which is a curve tangent to each current-voltage curve contained
in the family and is shown as a dotted line in Figure V-5. This envelope is the
least ambiguous quantity that can be used in comparing performance among dif -
ferent converters and for the same converters at different times. It is far bet-
ter than comparing individual voltage curves, since their shape is extremely
sensitive to cesium reservoir temperatures,and an error of a few degrees can
completely change the character of the current-voltage curve. Throughout the
program envelopes have been used for comparing the data from different con-

verters as well as checking the reproducibility of the same converter.

Four converters were built and tested in this program. The first converter

which was extensively tested used a polycrystalline tungsten emitter which had
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been treated in such a way as to assure that it had reached a stable te rminal con-
dition. The process as well as the means of determining that it has reached such
a condition are described in Chapter VI. This converter was tested extensively
in a parametric sense, and the results are shown in Figures V-6 through V-30.
The data is presented in the form of families of current-voltage curves taken at
four different emitter temperatures and seven spacing settings with the cesium
pressure varying over the range of interest for power production. The periorm-
ance throughout the range is considerably superior to the performance of the
polycrystalline tungsten emitter recorded in an earlier program at Thermo
Electronfk The previous polycrystalline emitter had undergone no special treat-

ment other than outgassing prior to the performance mapping.

Of the remaining three converters built in the program, one employed a
polycrystalline emitter and two single-crystal emitters. Those converters were
used primarily for work function measurement, and their performance was docu-
mented to a minor degree. However, it was checked at a sufficient number of
sets of conditions so that any difference between their performance and the per-
formance of the first converter would be detected. The >performance of all de-

vices was the same within experimental error.

Figures V-6 to V-30 provide accurate documentation of the performance of
tungsten emitters over the emitter temperature range covered. However, because
of the large amount of information contained, it is difficult to recognize trends in
the data when presented in this form. To facilitate refe rring to these data for
both analytical and hardware design purposes, the optimum performance of the

emitter has been summarized in the following manner.

sk

Annual Technical Summary Report for the Thermionic Emitter Materials Re-
search Program (1 July 1961 through 30 June 1962), Contract NONR-3563(00),
by S. S. Kitrilakis, M. E. Meeker and N. S. Rasor, Thermo Electron Report
No.  2-63, prepared for Office of Naval Research, Power Branch, Dept. of the
Navy, Washington 25, D. C. = :

V-5
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The enve19pes of all the current-voltage families at a certain emitter tem-
perature have been superimposed in one figure. Such a figure is shown for the
g = 1850 case in Figure V-31. It will be observed that these envelopes cross
each other just as the individual current-voltage curves did within a given family.
Moreover, envelopes at larger spacings exhibit higher currents for higher volt-
ages, while the reverse is true for envelopes at smaller spacings. One exception
to this behavior is the minimum-spacing envelope, which always exhibits maxi-
mum performance at voltages greater than a certain value. This is due to the
fact that that portion of the envelope results from unignited mode data. Since

this mode, in the region of the operation we are considering, is electron space

charge limited, the closest spacings will result in the highest currents.

A curve can be drawn in Figure V-31 tangent to the envelopes corresponding
to individual spacings. This curve is the locus of maximum performance once
cesium pressure and spacing have been fully optimized. It represents the maxi-
mum obtainable performance for the particular emitter temperature. Such loci
have been constructed for all the emitter temperatures tested and are shown in
Figure V-32. This is the summary performance for the emitter over the cor-
rected temperature range, 1630°K to 1950° K. The power corresponding to this
current-voltage plot is shown in Figure V-33. This figure shows the maximum
power at any given voltage for a fixed emitter temperature and it represents the
best attainable. The power-versus-voltage curves in Figure V-33 have gone
through the maximum for the two lower emitter temperatures, while the highest
emitter temperatures show no maximum. The reason for this behavior becomes
apparent upon inspection of Figure V-32. The current densities in this graph are
limited to 40 amperes per cmz, which is the maximum that the instrumentation
will handle, corresponding to a total current of 120 amperes. At this current
value the power curves have not reached a maximum for the 1850° and 1950°K

cases.
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Figures V-34, -35, and -36 are runs taken with the single-crystal tungsten
emitter exposing the (110) plane. Comparison of these runs to the correspond-
ing runs of the polycrystalline emitter will reveal that the performance is quite
similar. This behavior was exhibited throughout the range wherever such
families were taken. A second polycrystalline tungsten emitter converter was
performance-tested prior to the initiation of extensive work function measure-
ments. The results are shown in Figures V-37 to V-41 and are found to coin-
cide with the performance of the first polycrystalline tungsten converter docu-

mented in Figures V-6 to V-30.

E. WORK FUNCTION MEASUREMENTS

The scanning expe riments discussed elsewhere in this report measure the
work function of emitter surfaces on a point-by-point basis. Those results,
however, have to be compared with performance data,and a relationship between
the two has to be established before the scanning results can be of value to the
analysis of the conversion process. This link between the scanning experiments
and the converter performance is furnished by averaged work function measure-

ments conducted in the converters themselves.

The experimental procedure used for the determination of emitter and col-
lector work function is relatively simple, and consists of obtaining current-
voltage curves in a region of operation where transport effects are minimized.
In the absence of transport effects the saturation of the emitter can be clearly
defined at low voltages, while at voltages near open circuit the shape of the
current-voltage curve is determined by the collection barrier and therefore
follows the Boltzmann curve. Figure V-42 is a typical current-voltage curve
which can be used to determine both emitter and collector work function. This

curve is obtained under conditions of ion richness at the emitter which is
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confirmed by the fact that the saturation current rises exponentially as the
cesium reservoir temperature is increased and follows the Rasor plots of work

function versus T/T_, i.e.

R
94nJ
S
9T ‘CTR
R T
E

This means that the current is limited by the emitter work function, and no
electron space charge barrier exists in front of the emitter. The emitter work
function, then, can be determined by simply substituting the emitter tempera-
ture and the saturation current in the Richardson equation. This computation
was performed on a number of current-voltage curves, and the results have

been plotted in Figure V-44 in the form of work function versus the ratio of
emitter temperature to reservoir temperature. The correlation appears to be
quite good, and the bare work function line with which these results correlate is
in the vicinity of 4.7 to 4.8 ev. The circles in Figure V-44 are points obtained
from the polycrystalline tungsten emitter, and the triangles have been obtained
from the single-crystal tungsten emitter. There appears to be no difference
between the two, further confirming the result obtained in the performance

tests where the output of the two devices was virtually identical. Further refer-
ence to these results has been made in the scanner section, where point-by-
point measurements on emitter surfaces, both single-crystal and polycrystalline,
have been correlated in a similar manner and are found to be in good agreement

with these results.

To determine collector work function, the following procedure has to be

followed: Inspection of Figure V-42 shows that the current is dropping ex-

ponentially as the open-circuit voltage is approached. As the voltage is
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increased beyond the open-circuit voltage, the current reverses direction, and
a saturation value is reached. This back current can be ion current, back emis-

sion from the collector, or leakage across the insulator separating emitter and

collector. Whichever of these three possibilities may be the right one, the back
i‘ current will in effect be subtracted from the forward current. A true measure,
therefore, of the forward current will consist of the sum of the actual value of
forward current plus the value of back current observed. This is accomplished
by measuring current from the dotted line, which is the asymptote of the satura-
tion value of the back current. This value of current can now be used to con-
struct a logarithmic plot of current versus voltage, which is shown in Figure V-43.
Figure V-43 approximates the idealized current-voltage characteristic in that it
consists of two straight lines intersecting each other and exhibits a slight round-
ing off near the point of intersection. The horizontal line is indicative of the
saturated emission, and the sloping line is the Boltzmann line associated with
the emitter temperature and the barrier of collector work function plus output
voltage. Any combination of current and voltage values along the Boltzmann
line can be used to compute collector work function. To illustrate, at 1. 65 v
output voltage the output current density is 15 ma/cmz. Substituting this cur-
rent density value and the emitter temperature value of 1725°K in the Richardson
equation, we find that the barrier limiting the current at that point is 3. 55 ev.
This barrier is composed of the collector work function and the output voltage.
Subtracting the output voltage of 1. 65 ev, we obtain the value of 1.9 ev for the
collector work function. Figure V-45 is a plot of many such measurements

against the ratio of collector temperature to cesium reservoir temperature.







| ”
) PRRESRR SR




[ - * -
— =% = ‘
, -+ : N e Y




LN




S

-



















wesBe}q 3INdI1D 1831 drweulq

Z-A Pandig
- (4 g IowIoysuex ],
Q arqeries
¥e)
g I9WIOjSURL ], 0
uotjelos]
o—1+1+9 o L
d ¥ Idwaojsued ],
o— -0 o) UonEIos uoEnoMncmn”H
W 193301 L-x a91dureg d[qeries
Oo— 0 o
2\ 2 -—0
WX 13319AU0D)
= o)
o—+—o o—
I
)
o/

¢-1-4-¥9




Figure V-3, Applied Voltage in Dynamic Testing ;




64-R-1-4

- L.oad Line

Figure V-4
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CHAPTER VI
METALLURGICAL STUDIES

A. GENERAL

This section of the work is intimately concerned with the energy of surfaces,
and the following remarks are intended to illuminate the later part of the section.
For a very complete discussion of this matter see "Metal Surfaces, Structure,

Energetics, and Kinetics," Ed. Robertson & Gjostein, ASM 1963.

An ideally perfect cubic metal lattice is a regular array of charged atoms
held in place by interatomic bonds. Consider breaking a crystal of such a metal
along one of its simplest cube planes. This will produce two new free surfaces
on which the interatomic bonds are unsatisfied. The surface energy of each new
surface represents the energy of the unsatisfied bonds, and its value will depend
on the interatomic bonding energy and the number of bonds broken per unit area

of the surface.

Different planes through the crystal cut different numbers of bonds, in other
words have different atomic densities. So the surface energy, and also the work
function, and some other physical properties, of a surface, will vary with its

orientation with respect to the metal lattice.

Given a chance to equilibrate, the surface of a metal crystal will generally
tend to a shape having minimum surface energy, but because the surface energy
may vary with orientation (that is, be anisotropic), the equilibrium shape may

be not part of a sphere but part of a polygon. See P. G. Shewmonz and Shewmon
3
& Robertson:

1. C. S. Barrett, Structure of Metals, p. 12, McGraw Hill, 1952.
2. P. G. Shewmon, Trans. AIME 227 400 (April 1963).
3. P. G. Shewmon & W. M. Robertson, Trans. AIME 224 804 (Aug. 1962).
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Another factor that has to be taken into account in considering the tungsten
surfaces under examination here is the presence of grain boundaries. Atoms in
the bulk material have a minimum energy when arranged on the lattice points at
the corners of a cube network. Atoms displaced from these positions have a
higher energy. So the atoms comprising a grain boundary, being in non-equilibrium
positions, have a higher energy than their neighbors in the bulk material. This
is why etching attacks grain boundaries first. If two zones in the crystal have
amost the same orientation, the atoms in the boundary between them will be only
slightly displaced from equilibrium, and for larger mis-orientations the grain
boundary atoms will be further displaced and have a higher energy. A more de-
tailed a‘na.lysis4 leads to the expression E=8(Alog6) for the energy E per unit
length of boundary as a function of a constant A (related to the strain energy at
the centre of a dislocation) and the angular mis-orientation across the boundary,
8. This curve rises with 6 over the range of angles less than n/2 for which it

. . . 5
is a good approximation.

Now at temperatures at which these specimens were tested, atoms on the
surface are relatively mobile. Mullins6 has discussed the behavior of grain
boundaries under conditions in which surface diffusion predominates over the
evaporation/condensation mechanism for material transfer. He explains that
the point where the grain boundary intersects the free surface tends to change
shape in order that the grain boundary tension may equilibrate with the surface
tension, and that the earliest alteration in shape produces sharp ridges that

border each side of the boundary. These ridges then have an excess chemical

4. W. T. Read & W. Shockley, Phys. Rev. 78 275 (1950).

5. A. H. Cottrell, Theoretical Structural Metallurgy, pp. 89-97 (1953), St.
Martin's Press, London.

6. W. W. Mullins, J. Appl. Phys. 28 333 (Mar. 1957).
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potential over the neighboring material, caused by their small edge radius, and
this chemical potential is the driving force for diffusion, which tends to flatten
them. The flattening upsets the equilibrium groove angle, and forces the groove
to deepen. Using certain assumptions, he shows that surface diffusion leads to
the formation of a ridge above the original surface and remote from the boundary,
which persists indefinitely with further heating. This treatment neglects aniso-
tropy in surface energy, and concludes that surfaces close to a grain boundary
are unstable with time. The enhanced chemical potential of the sharp edges of
etch pits is responsible for the surface diffusion which changes the profile as in-

dicated in Figure 34 of the Third Quarterly Report.

A further factor appears to be significant for low-energy boundaries; any
deviation of the surface from its original plane is accompanied by an increase in
surface area, and therefore in surface energy (again neglecting anisotropy), and
so the tendency of a boundary to form a boundary groove is opppsed by its tend-
ency to minimize surface area. For this reason a low-energy Boundary, initially
visible, may disappear on heating. This is what seems to have happened on cer-
tain specimens in this work, where many of the boundaries are small-angle low-

energy boundaries.

B. EXPERIMENTAL RESULTS

Work on Ag7 and Fe8 has shown that facets may be developed by suitable
firing, of a size clearly visible with an optical microscope. Except for the be-

havior of etch pit bottorns, mentioned in Chapter 3 of the Third Quarterly

7. G. E. Rhead, Aeta Met 11 1035 (Sept. 1963).
8. J. M. Blakeley & K. Mykura, Aeta Met 11 399 (May 1963).
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Report, the experiments performed here have given no evidence for the prefer-
ential development of certain flat surfaces. Electron-micrographs of the sur-
faces of these specimens have been quite unrevealing, and have not contradicted
the optical observations, but the techniques available to us leave room for im-

provement, and this should not be taken as the last word.

Evidence that otherwise undetected and invisible changes may be taking
place comes from the considerable difference in performance between an old
polycrystal tungsten diode built for ONR in 1962, and a more recent polycrystal
tungsten diode made for this program in 1963. The latter diode was designed
and the emitter prepared using special metallurgical techniques. It was felt to
be desirable to have a performance as uniform as possible during the life of the
diode, and since the condition of the surface was expected to change on heating,
it was decided to try to achieve such changes before diode assembly rather than
during operation. To this end, the emitter was fired in vacuum for 1/2 hour at
2300° C before assembly into the diode. As the old ONR emitter was inserted
into its diode after a simple mechanical polish, and this was the main difference
in the preparation of the two emitters, it is suspected that the pre-assembly
stabilization was responsible for superior later performance of the current diode,
but this is not established beyond all reasonable doubt; rather, it is a suspicion

which leads us to stabilize all new emitters before assembly.

In the Second Quarterly, Chapter 5, Section B, it was stated that "hot checks"
were left on the surfaces of the diode as a result of grinding, but that these were
superficial. Further experience showed that the markings were in fact small-
angle grain boundaries, created during the crystal-growing operation, and so

they persisted during polishing.
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In the conditions in which these specimens were fired, evaporation from the
tungsten occurred, at a rate varying between a few Angstroms per hour at 2100°C
and 13.7 j in 21 hours at 2670°C. The latter amount is over half a mil; the
specimen from which this evaporated is that illustrated in Figure 12 of the
Third Quarterly Report, and here there is no evidence of facets or preferential
evaporation, where it would be most expected to show. So preferential evapora-

tion does not seem to be operating to produce any facets or steps on these sur-

faces.

The anomalous surface illustrated in Figure 20 of the Second Quarterly
Report is attributed to not electropolishing enough to remove the work-damaged
layer. Subsequent firing caused it to roughen under the influence of residual
work damage. This phenomenon was not reproduced in other specimens.

C. CONCLUSIONS

No optical-microscope observations have shown visible faceting. However,
in three distinct cases, thermal treatment has developed surfaces with an aver-

age work function of 4.62 ev + 0.05 ev. These are:
(1) JPL polycrystalline emitter, in converter and scanner
(2) (110) emitter, in converter and scanner
(3) (110) and (111) sectors of patchwork emitter.

In the light of this evidence, it seems possible that sub-microscopic faceting
is occurring; there is no evidence to support this hypothesis at present, and fur-

ther more sophisticated experiments are needed to elucidate this point.
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